We show that weak scale vector-like fermions with order one couplings to the Higgs can lead to a novel mechanism for a strongly first-order electroweak phase transition (EWPhT), through their tendency to drive the Higgs quartic coupling negative. These same fermions could also enhance the loop-induced branching fraction of the Higgs into two photons, as suggested by the recent discovery of a ∼ 125 GeV Higgs-like state at the CERN Large Hadron Collider (LHC). Our results suggest that measurements of the diphoton decay rate of the Higgs and its self coupling, at the LHC or perhaps at a future lepton collider, could probe the EWPhT in the early Universe, with significant implications for the viability of electroweak baryogenesis scenarios.
The new boson, recently discovered by the CERN Large Hadron Collider (LHC) experiments at 125 GeV [1, 2] , has properties very similar to those of the Standard Model (SM) Higgs boson associated with electroweak symmetry breaking (EWSB). While the current data is inconclusive, the measured properties of the new particle, henceforth referred to as the Higgs and denoted by H, seem to show some mild deviations from the SM expectations. In particular, a hint for the deviation in the loop-induced Higgs diphoton decay (H → γγ) rate could be caused by new heavy particles, likely within the reach of the LHC, that couple to the Higgs with O(1) strength. Vector-like fermions, i.e. endowed with electroweak preserving masses, are leading candidates [3, 6] given that their masses may naturally be around the weak scale. It is interesting to investigate whether these fermions could play a role in addressing some of the open questions in the SM.
In this work we point out that the above vector-like fermions could also lead to a strongly first-order electroweak phase transition (EWPhT) in the early Universe. In typical models of electroweak baryogenesis (EWBG), such a strong phase transition is responsible for the requisite decoupling of baryon number violating processes in the broken phase (with H = 0). These baryogenesis scenarios are quite interesting, as they could in principle be directly tested in TeV-scale collider experiments. Our work hence provides a potential connection between the rate for H → γγ and early Universe cosmology.
The possibility of strengthening the EWPhT through heavy fermions coupled to the Higgs was first considered in Ref. [7] , where the authors showed that, contrary to the usual lore, new weak scale bosons are not necessary for that purpose. The mechanism proposed in Ref. [7] relies on a transfer of entropy from decoupling fermionic degrees of freedom after EWSB. Here, we point out that vector-like fermions can lead to a strongly first-order EWPhT through a combination of a negative quartic coupling (at finite temperature) together with stabilizing higher-dimension operators. Such a mechanism is distinct from those involving new weak scale bosons coupled to the Higgs that lead to cubic terms (e.g. Refs. [8] [9] [10] ).
Instead, the mechanism underlying the phase transition is closely related to that proposed in Ref. [11] , and studied in greater detail in Ref. [12] . The vector-like fermion system, that may have a rather interesting connection to the Higgs diphoton rate, can be regarded as a realization of features postulated in Ref. [11] . We will come back to the connection between our setup and other previous works at the end.
To give a simple picture of how the mechanism works, let us first consider a phenomenological description that captures the dominant features. For this purpose, we will ignore the cubic term that can arise from the SM bosonic degrees of freedom and concentrate on the following terms in the 1-loop thermal potential V (φ, T )
for the background field φ associated with the Higgs. All of these terms are temperature-dependent, although we do not indicate it explicitly. We will discuss later a specific model that realizes this scenario with the dimension-6 term being positive. As we will see, the crucial feature is that the quartic coupling λ can become negative at finite temperature. Since at sufficiently high temperature the mass term becomes positive, we will assume a situation where µ 2 > 0, λ < 0 and γ > 0. In this case, there is a local minimum at the origin, separated by a barrier from a second minimum at |φ| ∼ −λ/γ. The associated potential energy contribution from the φ 4 and φ 6 terms is of order λ 3 /(12γ 2 ). This minimum becomes degenerate with the minimum at the origin when λ 2 ∼ 6γµ 2 , which will determine the critical temperature through the T -dependence of these parameters. We see that when γ is suppressed by a high mass scale, this occurs when |λ| is small, which can happen for relatively low temperatures. In addition, we can estimate the vacuum expectation value (vev) at the critical temperature as φ c ∼ √ µ/γ 1/4 , which can be relatively large. This suggests that, provided the conditions above can be realized, the ratio φ c /T c can be sizeable, and one can expect a strongly first-order EWPhT.
By contrast, when the barrier (and therefore the first-order phase transition) is driven by a cubic term, ET |φ| 3 , one has φ c /T c ∼ E/λ, where E is typically small. For instance, in the SM, E ∼ (4πα
1/2 is far too small since √ 4πα W is a weak coupling constant. This is one of the reasons why EWBG is widely regarded as requiring physics beyond the SM, so as to enhance the size of E.
The desired features can arise as follows. Consider adding to the SM a single new vector-like fermion pair (χ, χ c ) with a (vector-like) mass m χ , that couples to the Higgs field via the dimension-5 operator
where G m is a coefficient with mass dimension -1. It will prove useful to present our results from an effective field theory (EFT) perspective that is, as much as possible, independent of any particular UV completion, although later on we will give a simple UV model that leads to Eq. (2) with G m > 0. We have notationally assumed above that χ is an SU (2) L singlet since such a new fermion will be subject to relatively mild constraints from EW precision measurements. However, our formalism will apply with trivial modifications when χ is a doublet, with the appropriate contractions with the Higgs fields in Eq. (2). An immediate consequence of the above operator is that in the presence of a Higgs vev φ (= v = 246 GeV at zero temperature), the χ mass becomes
We will be interested in the 1-loop effective potential for φ, which will receive a contribution from χ through m 1 (φ). In addition, the interaction in Eq. (2) induces divergences in the Higgs sector corresponding to "treelevel" operators
whereγ andδ are free parameters from an EFT point of view (the bars indicate that we will be thinking of them as being defined in the MS scheme). We have denoted by V tree the usual quadratic and quartic Higgs terms.
In preparation for the analysis of the high-temperature properties, it is convenient to impose on the effective potential the conditions V (v) = 0 and V (v) = m 2 H at T = 0, where v and m H are the Higgs vev and mass, respectively [13] . This trades the squared mass parameter and Higgs quartic coupling in V tree for v and m H , while fixing the 1-loop contribution due to the new fermion to
where
, with µ the renormalization scale, and
This generalizes the expressions derived in Ref. [7] to the non-renormalizable case that involves the new parametersγ andδ, with the explicit factor of 4 counting the new fermionic degrees of freedom.
Adding the temperature-dependent contributions (for a discussion of the relevant formalism see for example Ref. [14] ), the free energy reads
is the zero-temperature potential discussed above, now including the well-known SM contributions from the top quark and weak gauge bosons.
1 The 1-loop thermal function F 1 is given by
with
. The index i runs over all the particles, with number of degrees of freedom given by g i , whose masses m i (φ) depend on φ; the upper and lower signs correspond to bosons and fermions, respectively.
When the new fermion is at the EW scale, it may be appropriate to use the high-temperature expansion of Eq. (9), thus resulting in a potential, presented in the appendix, that is polynomial in φ with T -dependent coefficients. However, for the numerical analysis we will use the full 1-loop thermal effective potential. The important point, as can be seen in the high-temperature expansion, is that, due to logarithmic terms associated with the fermionic sector of the model, the effective Higgs quartic coupling can become negative at a certain temperature, thus creating a "runaway" behavior that is sta-bilized by the higher-dimension operators.
2 This realizes the basic idea explained in the introduction. It also makes it manifest that the details of the phase transition are UV dependent, since the higher-dimension operators in the Higgs potential are crucial and depend on the undeterminedγ andδ. In order to show that a strong phase transition can indeed be realized, we turn to a simple UV model that serves as a "proof of existence."
The model we will focus on introduces the following new fields (using the notation of Ref. [6] , but see also [5] )
where the charges correspond to the SM SU (3)×SU (2)× U (1) Y quantum numbers. These charges allow the following mass terms for the new fermions
In the following we will assume, for simplicity, that y = y c , in which case we have two mass eigenstates with electric charges |Q i | = 1 and squared masses given by
The spectrum also contains a neutral state N with mass m N = m ψ . We will consider the above model in the limit where m ψ yv (while m χ is at the EW scale). In this limit, it is appropriate to integrate out the heavy state with mass of order m 2 (φ) ≈ m ψ , which can then be seen to generate the operator in Eq. (2) with
At tree-level one finds Z m = 1 and one can check that Eq. (2) reproduces m 1 (φ) in Eq. (12) to order φ 2 . We allow for a non-trivial factor Z m to investigate the possible impact of higher-order loop corrections at the matching scale, since we will later be interested in a region where the Yukawa coupling, y, is sizeable. The model also predicts thatγ =γ th +γ RG andδ =δ th +δ RG (see the appendix), wherē
2 In some examples the Higgs quartic at Tc is positive but sufficiently small to allow for the SM cubic term to induce the desired "runaway" behavior. are the threshold contributions induced at µ = m ψ , and
are the running contributions between m ψ and a lower scale µ. Here, we parametrized possible higher-order loop effects at the matching scale through the factors Z γ and Z δ (at lowest order, Z γ = Z δ = 1).
In Fig. 1 , we show the contours of φ c /T c in the plane of G m v versus (the low-energy) 1/γ, in a modelindependent analysis based on Eqs. (4)- (9), fixing m χ = 300 GeV. We also indicate with a star a benchmark point corresponding to the UV model discussed above [i.e. using Eqs. (13)- (17)]. This benchmark has m χ = 300 GeV, m ψ = 4 TeV and y = 4. For Z m = Z γ = Z δ = 1, one has m 1 (v) ≈ 170 GeV (satisfying a naive LEP 2 bound of ∼ 100 GeV), and the phase transition occurs at a critical temperature T c ≈ 150 GeV when φ c ≈ 140 GeV so that φ c /T c ≈ 0.93.
3 When the Higgs contributions are included, we find φ c /T c ≈ 1.1. Note also that at φ = φ c the light fermion has a mass m 1 (φ c ) ≈ 260 GeV and is heavier than at T = 0, which is an effect opposite to the case considered in Ref. [7] .
The first-order phase transition arises as described in the introduction, relying on a negative quartic coupling at finite temperature, stabilized by the dimension-6 operator in Eq. (4). The mechanism depends mainly on the fermion contributions (both χ and the top quark). In particular, even if the contributions from the W and Z are ignored we still find a strongly first-order phase transition. Thus, unlike other scenarios, a term cubic in φ need not play a crucial role. 4 We note that at very small G m v, one recovers the scenario discussed in [11] , as seen from Eq. (7) when the light fermion contributions are decoupled and the negative contribution to the quartic due to β is dominated by the (positive)γ term. We also note that for values ofγ larger than exhibited in the figure, a minimum at the origin may develop even at T = 0, in which case one should make sure that the EWSB minimum is the global one [11] . In this region, however, the EFT may not give an accurate description of the physics, so we explicitly exclude it.
We have also checked in selected examples the efficiency with which the nucleation process takes place by computing numerically the bounce action, S E (T ), and checking that B(T n ) ≡ S E (T n )/T n can reach the desired range 130 B(T n ) 140, for nucleation temperatures T n around 100 GeV even when the phase transition is sufficiently strong to allow for EWBG. When φ c /T c becomes too large, however, the nucleation rate becomes exponentially suppressed. This will limit, but not exclude, phenomenologically interesting regions with a strongly first-order phase transition.
As illustrated by the benchmark example, within the UV model, a sizeable underlying Yukawa coupling is required. 5 Hence, we also show in the figure a contour around the previous benchmark point exhibiting the result of varying Z m and Z γ within 20% to provide a feel for the sensitivity to the higher-order loop effects at the matching scale m ψ . We see that there is a significant sensitivity of φ c /T c , especially to Z γ which is responsible finds φc ≈ 128 GeV and Tc ≈ 146 GeV, so that φc/Tc ≈ 0.88]. However, the EFT analysis clarifies the origin of the strongly first-order EWPhT, allows us to understand the large logarithms, and permits a simple estimate of the higher-order loop effects at the matching scale.
for the horizontal variation in the plot, as it affects the coefficient of the stabilizing dimension-6 operator.
We also note that after EWSB the operator in Eq. (2) induces an effective Yukawa coupling between the new fermion and the Higgs boson given by y eff = −2G m v. The requirement of a strongly first-order phase transition implies that this Yukawa coupling be of order one. Thus, we can expect a relevant modification of the Higgs branching fractions, in particular the H → γγ rate when χ is electrically charged. Interestingly, the fact that G m is positive means that the new fermion mass decreases as the Higgs vev increases, which implies an enhancement of the diphoton rate [4] . In the presence of a charged vector-like fermion, the ratio of the branching fraction into the diphoton final state to its SM value is given by
where F SM −6.49 is associated with the SM amplitude,
2 H , and F 1/2 (τ ) is the familiar loop function (see e.g. Ref. [17] ). In Fig. 1 , we have also superimposed the lines of constant R γγ (dashed-red lines). As one can see, the region with a strongly first-order phase transition corresponds to values of R γγ > 1 in the vicinity of the benchmark point.
Also, the dimension-6 operator of Eq. (4) affects the Higgs boson triple coupling V (v) = 3m
3 , where Eq. (4) is used, ignoring the φ 8 operator; the first term is the usual SM contribution. As discussed previously and shown in Fig. 1 , for a first order EWPhT a positiveγ ∼ (1 TeV) −2 is required. This corresponds to increasing the SM prediction of the triple Higgs coupling by O(1). Naively, this increase in the Higgs triple coupling would indicate an increased signal rate for gg → HH at the LHC. However, Higgs pair production proceeds through destructively interfering top quark box and off-shell s-channel Higgs boson amplitudes, with the box diagram being the dominant contribution. Hence, a moderate increase in the Higgs triple coupling increases the s-channel Higgs contribution and paradoxically decreases the LHC Higgs pair production rate. For (600 GeV) −2 γ (900 GeV) −2 , the pair production rate is expected to be 40 − 60% of the SM prediction at the LHC. With full SM strength, it is estimated to take around several ab −1 of data at the 14 TeV LHC to exclude a V (v) = 0 at 90% CL [18] , making this measurement very challenging at the LHC. However, with 2 ab −1 of data, a 500 GeV and 1 TeV ILC are expected to measure the Higgs self-coupling with an accuracy of ∼ 44% and ∼ 17% respectively [19] . Hence, with a sufficient amount of data, the ILC can examine one of the key implications of this EWPhT scenario. In addition, a measurement of the light fermion mass m 1 and the diphoton rate could be used to infer m χ and G m v within the framework. This, together with some knowledge aboutγ from the Higgs boson triple coupling could identify the relevant region in Fig. 1 , and start giving information regarding the nature of the phase transition and its strength.
The model in Eq. (10) does not allow for the decay of the light charged fermion. To avoid this situation (which could lead to severe bounds on m 1 ), we could either assume that (ψ, χ) mix with the SM leptons or else postulate another heavy vector-like lepton n with no SM charges [6] . In the latter case, additional terms of the form Hψn result in the appearance of two neutral states, n 1,2 , where n 1 could be lighter than χ and lead to χ → n 1 W (W on-or off-shell) . The new neutral states can enhance the strength of the EWPhT, without affecting R γγ .
A second comment refers to a potential instability of the T = 0 EFT potential at large field values. Using the SM RG equations together with the contributions to the β-function discussed in the appendix, and using for illustration the point marked by a star in the figure, one can check that the Higgs quartic coupling becomes negative at a scale of about 700 GeV . However, this regime is outside the range of validity of the EFT analysis, and higher powers of φ can play a crucial role. In fact, a naive application of the Coleman-Weinberg potential to the full UV model suggests that when the infinite tower of operators is resummed the instability is pushed to about 3.5 TeV. Although new (bosonic) degrees of freedom would likely be required at this scale, they need not affect the physics of the EWPhT or the diphoton rate.
Finally, we would like to comment on the connection to previous works that share some elements of our setup and discussion. Ref. [11] has examined the effects on the EWPhT caused by higher dimension operators in the Higgs potential (see also Refs. [12, 20] for further work in this direction). In particular, they considered how a zero-temperature negative quartic could be stabilized by a dimension-6 operator in their setup. While this is a qualitative feature also observed in our mechanism, we point out that in our model the negative quartic is induced by the new fermion (with some help from the top quark) at high temperatures and is not a feature of the T = 0 potential. In fact, the analysis of Ref. [11] ignored thermally induced quartic terms, although they were fully included in Ref. [12] . Without the new fermionic contribution, the cubic term from the SM would still play an essential role.
As mentioned in the introduction, Ref. [7] has also studied how new heavy fermions with large couplings to the Higgs can lead to an enhanced first order phase transition. The mechanism studied in Ref. [7] is mainly based on transfer of entropy as the new fermions get heavier and decouple from the plasma after EWSB. We note that our results do not rely on this thermodynamic effect since the relevant weak scale fermion in our mechanism gets lighter and remains active in the thermal bath after EWSB. Note also that this feature, i.e. the decrease in the fermion mass as φ increases, is the reason that our mechanism also leads to an enhancement in the diphoton branching fraction of the Higgs, while the fermion couplings in Ref. [7] would lead to a suppression.
To conclude, we have shown that the tendency of fermions, that couple with O(1) strength to the Higgs, to drive the Higgs quartic coupling negative can be related to a strongly first-order EWPhT. We provided a concrete realization where the Higgs potential is stabilized by higher-dimension operators that arise from a system of heavy and light vector-like fermion pairs. We note that the main ingredients (one fermion with mass in the multi-TeV scale, a second fermion parametrically lighter, and a semi-perturbative underlying Yukawa interaction) can naturally arise in scenarios based on a warped extra dimension. This can potentially establish a connection between our observation and the physics of EWSB, as well as the solution to the hierarchy problem. Furthermore, the same fermions can also enhance the rate for H → γγ, as may be suggested by the early LHC data. We find that the Higgs diphoton decay rate and the strength of the EWPhT can be correlated, as shown in the simple model above. Also, a typical consequence of our setup is an enhancement of the triple Higgs boson coupling that could be probed at the LHC or, more likely, at a future lepton collider.
In this appendix, we derive the effective theory at 1-loop order, valid below the heavy fermion mass m 2 ≈ m ψ in the model defined by Eqs. (10) and (11) . We work in the MS scheme, matching the φ correlators up to 8th order. In the UV theory, which describes both fermionic states, ψ and χ, the correlators can be read from the Coleman-Weinberg potential in the MS scheme
where the m i are given in Eq. (12) . Similarly, the correlators in the effective theory are read from
where V 0 is defined in Eq. (4), and we include only the light state, with a mass given in Eq. (12) . Comparing the φ 6 and φ 8 terms in both theories, and requiring that they agree at µ = m ψ , fixes the corresponding threshold corrections as given in Eq. (14) and (15) . The matching contributions to the mass parameter and Higgs quartic are not interesting since they will be traded for v and m H . However, the running of all the parameters below m ψ is of interest. The β-functions can be derived from the requirement that the effective potential in Eq. (A.19) be RG invariant:
where γ φ is the φ anomalous dimension, and we may use m 1 (φ) = m χ − G m φ 2 , which corresponds to keeping only the operator (2) in the EFT. Noting that this operator does not induce any wavefunction renormalization for φ at one loop, this leads to the β-functions in the MS scheme:
The operator in Eq. (2) renormalizes both m ψ and G m itself. However, the first effect vanishes in the EW symmetry preserving limit (when the Higgs is massless), while the second effect is of second order in the small quantity G m , thus leading to a rather mild µ-dependence. Neglecting these effects, as well as the renormalization due to the weak interactions, the RG equations can be solved immediately to produce Eqs. (16) and (17). We also provide the effective potential in the EFT using the high-temperature expansion and neglecting the weak gauge boson contributions. Note that the heavy fermion state will be efficiently Boltzmann suppressed at temperatures relevant to EWPhT and hence it can be ignored. Up to a constant term, 
